The requirements set by the chemiosmotic hypothesis on the coupling between ATP production and photosynthetic electron transport, combined with the insights into the structure of chloroplasts and into the flow of energy through the photosyntheticelectrontransport chain, have suggested an essential relationship between the structure and function of the chloroplast membranes, in particular with respect to the energytransduction mechanism (Mitchell, 1968 (Mitchell, , 1976 Jagendorf, 1975 Light-energy absorbed by antenna pigments is transferred to the photochemically active molecules P700 and P680 of the reaction centres of Photosystems I and I1 respectively (Govindjee & Govindjee, 1975). On excitation of the reaction centres an electron is transferred from the oxidizable donor molecules P700 and P680 to the primary acceptor molecules X and Q, which become reduced. Ample evidence has been obtained which suggests that the photosynthetic electron-transport chain is vectorially oriented in the membrane with the donor molecules P700 and P680 of both systems at the inner-facing side and the acceptor molecules at the stroma-facing boundary of the thylakoid membrane (Trebst, 1974) . Energy trapping and subsequent electron transfer from P700 and P680 to the acceptors X and Q at the opposing sides of the membrane will be associated with a charge separation, giving rise to a localized vectorial electric field (Junge & Witt, 1968; Witt, 1971) . Subsequent protonation and de-protonation of the active sites, and flow of reducing equivalents such as hydrogen groups and electron pairs between spatially-oriented redox carriers of the chain will result in the translocation of protons across the membrane. Thus the basic part of the energy-transduction mechanism is likely to be equivalent to an electrogenic H+ pump, which is switched on in the light and which is responsible for the generation of an electrochemical potential gradient ofprotons across the thylakoid membrane inconjunction with the formation of reducing equivalents in the electron-transport chain (Vredenberg, 1976) . The pump tends to drive protons inwards (Fig. l) , which results in an electrogenic potential V., positive inside. This potential induces a discharging passive efflux of cations & or an influx of anions 411 with a concomitant active influx &+ of H+ ions into the thylakoid VOl. 5
The requirements set by the chemiosmotic hypothesis on the coupling between ATP production and photosynthetic electron transport, combined with the insights into the structure of chloroplasts and into the flow of energy through the photosyntheticelectrontransport chain, have suggested an essential relationship between the structure and function of the chloroplast membranes, in particular with respect to the energytransduction mechanism (Mitchell, 1968 (Mitchell, , 1976 Jagendorf, 1975) . The specialized and unique function of chloroplasts in providing and organizing the machinery of converting light-energy into useful biological energy is exclusively associated with the membranes of the lamellar inner structures, the thylakoids (Park &Sane, 1971 ; Arntzen & Briantais, 1975; Murakami et al., 1975) . The process of photochemical conversion of light-energy into chemical energy is performed by the photochemical systems, which are located in the internal lamellar membranes. Light-energy absorbed by antenna pigments is transferred to the photochemically active molecules P700 and P680 of the reaction centres of Photosystems I and I1 respectively (Govindjee & Govindjee, 1975) . On excitation of the reaction centres an electron is transferred from the oxidizable donor molecules P700 and P680 to the primary acceptor molecules X and Q, which become reduced. Ample evidence has been obtained which suggests that the photosynthetic electron-transport chain is vectorially oriented in the membrane with the donor molecules P700 and P680 of both systems at the inner-facing side and the acceptor molecules at the stroma-facing boundary of the thylakoid membrane (Trebst, 1974) . Energy trapping and subsequent electron transfer from P700 and P680 to the acceptors X and Q at the opposing sides of the membrane will be associated with a charge separation, giving rise to a localized vectorial electric field (Junge & Witt, 1968; Witt, 1971) . Subsequent protonation and de-protonation of the active sites, and flow of reducing equivalents such as hydrogen groups and electron pairs between spatially-oriented redox carriers of the chain will result in the translocation of protons across the membrane. Thus the basic part of the energy-transduction mechanism is likely to be equivalent to an electrogenic H+ pump, which is switched on in the light and which is responsible for the generation of an electrochemical potential gradient ofprotons across the thylakoid membrane inconjunction with the formation of reducing equivalents in the electron-transport chain (Vredenberg, 1976) . The pump tends to drive protons inwards (Fig. l) , which results in an electrogenic potential V., interior. pH+ will be equal, except for the sign, to the sum of the passive currents carried by the mobile counter-and co-ions. The steady state of the system is characterized by a membrane potential V,,, at which the mobile ions have tended to become passively distributed in equilibrium with this potential, and by a proton-concentration gradient maintained at a steady state by the active and passive proton fluxes pH+ and &+ respectively. The passive proton pathway will include the ATP-synthesizing site. In the dark the pump is switched off, and as a consequence the electrogenic component of the membrane potential becomes zero. Thus the initial dark potential will be equal to the diffusion potential set by the concentration gradients of the ions that have been transported during the operation of the pump. Reequilibration of these ions to the darkequilibrium state will occur by passive efflux of H+ ions in exchange for the other permeated ions.
Intact chloroplasts, isolated from mesophyll cells of Peperomia metallica, have successfully been used (Bulychev et al., 1972; Vredenberg et al., 1973) for measuring the characteristics of the photoelectrical potential across the thylakoid membrane by means of micro capillary glass electrodes. These chloroplasts contain a large number of appressed granum stacks with adiameter of the lamellae of about 1 Spm and a stacking height of 1.5 to 2.0pm.
Photoelectric potentials in the range 10-70mV (positive inside) have as a routine been measured after saturating single-turnover light flashes (Vredenberg & Tonk, 1975) . The rise time of the potential change was found to be about 0.5ms. The first-order potential decay after such flash, which is caused by passive movements of ions through passive conduction channels, occurs with a relaxation time about 50 to 100ms. These values have been considered to be close to the relaxation that would be expected for the K+ ions moving through the K+-conduction channel of the membrane (Bulychev & Vredenberg, 1976~) . Thus the results of flash experiments have indicated that for non-energized intact chloroplasts, due to the high K+ concentration in the stroma and inner thylakoid space (>loom), the conductance of the thylakoid membrane is mainly, if not exclusively, a K+ conductance. Under energized conditions the proton conductance of the membrane, which has increased manyfold due to the electrogenic proton loading of the thylakoid interior, was found to be contributing to the membrane conductance. Under these conditions the potential decay after a single-turnover flash was observed to be somewhat faster than for nonenergized conditions (Bulychev & Vredenberg, 1976~) .
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during continuing illumination (i.e. during energization) to decrease (phase-2 potential decay) after the initial (phase 1) potential rise at the onset of illumination. A typical potential response is shown in Fig. 2(a) . As would be expected for this energytransducing system, the phase-2 decrease in the light is enhanced when the rate of electron transport through theelectron-transport chain(i.e. the rate of charge separations across the membrane) is decreased by lowering the temperature (Bulychev et al., 1976) or inhibited by adding 3-(3,4-dichlorophenyl)-l,l-dimethylurea (Vredenberg & Tonk, Vol. 5 1975), or when the Kf conductance is increased by adding valinomycin at a high external K+ concentration (cf. Fig. 26 ). The proton loading of the thylakoid interior and the associated passive efflux of K+ ions into the chloroplast stroma will give rise to the formation of a pH gradient and of an (opposite) K+ gradient. It has been reported (Heldt et af., 1973) that the pH gradient in the light across the thylakoid membrane in intact chloroplasts is about 3pH units. This would mean that the K+ concentration in the inner thylakoid space has decreased in the light by about 3 -5 m . The Nernst equilibrium potential associated with such a pH gradient is approx. 180mV (inside negative), the one associated with the K+ concentration gradient will be close to zero, due to the high K+ concentration of approx. 1 0 0 m in the stroma and thylakoid interior (Vredenberg, 1976) . Consequently, under these conditions one would expect a negative diffusion potential v d across the thylakoid membrane in the dark after the initial rapid decay of the electrogenic potential caused by the switching-off of the H+ pump. The magnitude of v d is determined by the pH gradient and by the ratio between the proton conductance g , , and the total membrane conductance gm (Vredenberg, 1976) . The potential undershoot observed upon darkening (cf. Fig. 2a ) is likely to be due to the (negative) diffusion potential set by the pH gradient. It can be expected that the contribution of the K+ gradient to the membrane diffusion potential will become apparent when the K+ concentration in the chloroplast stroma is decreased. The internal K+ concentration of intact chloroplasts can be lowered in the presence of valinomycin by decreasing the external K+ concentration (Bulychev & Vredenberg, 1976a) . A slow rise in potential in the light, and a positive diffusion potential in the dark have been observed indeed in the presence of valinomycin at low external K+ concentrations (Fig. 26, 2c and 2d) . These potential changes are likely to be due to the diffusion component of the membrane potential caused by a K+ concentration gradient. The inhibitory effect of nigericin, which will collapse the K+ gradient, is confirmatory in this respect (Fig. 2c) . The slow decrease in potential after the rise in the first seconds of illumination observed at very low K+ concentrations (Fig. 2d) is suggested to be due to the continuing increase in the pH gradient when the K+ ions have achieved passive equilibrium with the actual (low) membrane potential. Under these conditions the electrogenic proton uptake is likely to be accompanied by an efflux of Mgz+ ions (Bulychev & Vredenberg, 19766) .
The kinetics of the potential changes measured with micro capillary glass electrodes during and after energization of the chloroplasts appear to be in reasonable good agreement with the changes predicted for the thylakoid membrane. For intact chloroplasts under physiological conditions of a high cation content, as well as for chloroplasts in situ, the electrical potential maintained by the electrogenic H+ pump is balanced by an opposite diffusion potential, mainly determined by the proton gradient across the membrane. As a result the energized state under steady-state light-conditions is characterized by a membrane potential close to zero. Chloroplasts with a low cation content behave quite differently in a sense that the membrane potential under steady-state conditions can be appreciable owing to diffusion potential associated with concentration gradients of the passively moved ions. Hitherto insufficient recognition of these cation concentration effects might be one of the reasons why kinetics and magnitude of the potential changes as measured by electrodes are quantitatively at variance with those of the potential-indicating Asl5 changes (Zickler et af., 1976; Witt, 1971) . Another reason for some of the discrepancies might be, as suggested by Rumberg (1976) , that the 515nm electrochromic shift is sensitive to surface potentials associated with H+ binding at fixed negative sites in the membrane. A micro electrode would not, or to a much less extent, be sensitive to these effects.
